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BIODEGRADABLE POLYMERS FOR CELL TRANSPLANTATION * 

Field of the Invention 

The present invention describes the synthesis and 
applications of a hydrolytically degradable polymer 
useful in biomedical applications involving the 
interaction of cells with the polymer structure. 

Background of the Invention 

Over the years , there have been many successful 
uses of polymers in medicine. Most of these 
applications require minimal polymer cell 
interactions. Consequently, there has been a lot of 
work done on minimizing the interactions of these 
polymer systems with the cells that they come in 
contact with. * 

However, one challenge in the area of biomedical 
materials that has received less attention is the 
development of substrates that can interact favorably 
with mammalian cells either in vitro or in vivo. Such 
materials could be useful for many applications from 
the basic study of how cells interact with surfaces to 
applied areas such as in vitro mammalian cell culture 
for the production of useful materials and in vivo 
cell transplantation for replacement of lost cellular 
function. 

To illustrate the need for in vivo cell 
transplantation, it is worth considering that the 
success of whole organ transplantation is limited by 
donor organ availability. As an example, 
transplantation of the liver is often times successful 
but has plateaued at about 2200 transplants per year 
because of donor scarcity. Unfortunately, 30,000 
Americans die every year of liver disease while an 
additional 5 million Americans are affected. The cost 
to the economy is more than $14 billion dollars 
annually. The situation is similar with other organ 
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systems such as the kidney, pancreas, lung, and heart. 

The demand for replacement organs is therefore 
very high. However, since the function of most of 
these organs is so complex and in most cases not yet 
completely understood, synthetically recreating their 
function is practically impossible. Alternative 
treatments concentrate on manipulating the smallest 
functional unit of the organ, the individual cell. 
Many groups have attempted cell transplantation under 
a variety of conditions (Bumgardner, G. L. ; Fasola, 
C; and Sutherland D. E. R. , "Prospects for Hepatocyte 
Transplantation," fiepatologv., 8 , 1158-1161 (1988); 
Wong, H. and Chang, T. M. S., "The Viability and 
Regeneration of Artificial Cell Microencapsulated Rat 
Hepatocyte Xenograft Transplants in Mice," Biomafc. , 
Art. Cells, Art. Org w 1«, 731-739 (1988) ; Vacanti, J. 
P.; Morse, M. A.; Saltzman, M. ; Domb, A. J. ; 
Perez-Atayde, A.; and Langer, R. , "Selective Cell 

Transplantation Using Bioabsorbable Artificial 
Polymers as Matrices," Journal »f p^j atr ^ giaggrx 
23, 3-9 (1988); U. S. Patent, 4,696,286 to Cochrum 
(1987); Dawson, R. M. ; Broughton, R. L. ; Stevenson, W. 
T. K.; and Sefton, M. v., "Microencapsulation of CHO 
Cells in a Hydroxyethyl Methacrylate-Methyl 
Methacrylate Copolymer," Biomateri a 1 § , 8, 360-366 
(1987); Jaffe, v.; Darby, H.; and Selden, c, "The 
Growth of Transplanted Liver Cells within the 
Pancreas, " Transplant 45 f 497 - 496 (1987) . 
Ricordi, c; Flye, M. W. ; and Lacy, P. E . , "Renal 
Subcapsular Transplantation of Clusters of Hepatocytes 
in Conjunction with Pancreatic Islets," 
Transplantation , 45, 1148-1151 (1987); Sun, A. M. ; 
Cai, Z.; Shi, z.; Ma, F. ; and O'Shea, G. M., 
"Microencapsulated Hepatocytes: An in vitro and in 
vivo study," Biomat.. a ^. Ce n g , ^ > 15/ 

483-496 (1987); Sun, A. M. ; O'Shea, G. M. ; and Goosen, 
M. F. A. , "Injectable Microencapsulated Islet Cells as 
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a Bioartificial Pancreas," Applied Biochemistry and 
Biotechnology, 10, 87-99 (1984); Lim, F., 
"Microencapsulation of Living Cells and Tissues, " 
Applied Biochemistry and Biotechnology . 10, 81-85 
(1984)). When suspensions of cells have been 
injected, only small numbers survived. In addition, 
the cells that did survive had inadequate three 
dimensional structure and no way to from an 
appropriate structure. Some researchers have 
encapsulated cells, and this procedure provides 
excellent protection from the host's immune system. 
Often times, however, the barrier is too large and 
does not allow for sufficient exchange between the 
vascular supply and the cells. Moreover, the body 
sometimes forms a fibrous capsule around the implant 
which creates an additional barrier to the flow of ; 
nutrients. These approaches have had varying levels 
of success, but none has yet produced a viable 
clinical solution to the need for organs for 
transplantation. 

Clinical success in the area of cell 
transplantation depends on efficiently using the 
available donor material and providing an environment 
conducive to long-term cell survival, differentiation 
and growth. One promising approach is to attach 
isolated cells and cell clusters onto synthetic 
biodegradable polymer scaffolds in vitro and then to 
implant the polymer-cell scaffold into recipients 
thereby replacing whole organ function with this 
device ( Vacant i, J. P. "Beyond Transplantation, Third 
Annual Samuel Jason Mixter Lecture," Archives of 
Surgery , 123. 545-549 (1988)). With this approach, 
several implants could be obtained from each donor 
organ or cell material obtained from living donors. 
This could also help eliminate the need for 
immunosuppressive therapy, which is often required 
following organ transplantation. 
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The key to the success of this cell 
transplantation technique is in the design of the 
synthetic polymer scaffold (Cima, L., Ingber, D., 
Vacant i, J. , and Langer, R. Hepatocyte Culture on 
Biodegradable Polymeric Substrates, Biotech. Bioena . , 
38, 145-158, .1991; Cima, L. , Vacanti, J. , Vacanti, c, 
Ingber, D., Mooney, D. , and Langer, R. , Polymer 
Matrices for Cell Transplantation and Organ 
Regeneration, J, Biomech. Eng. . 113, 143-151, 1991). 
This scaffold has several functions. First it must 
provide for active polymer/cell interactions for most 
mammalian cells must adhere to a surface in order to 
survive. It is also essential that this adhesion 
occur in such a manner that the cells continue to 
function normally. If the cells survive, but do not 
function normally, transplanting them into a patient 
is futile. Next, the polymer scaffold must have 
suitable surface chemistry to guide and reorganize the 
cell mass. Finally, the three dimensional structure 
must be designed to deliver a significant number of 
cells while allowing for the proper diffusion of 
nutrients . 

Several criteria can be used to define the ideal 
substrate. Biocompatibility is essential in order to 
prevent acute adverse tissue responses that could 
impair the function of the transplanted cells. 
Biodegradability is desired to provide a completely 
natural tissue replacement without the possibility of 
chronic tissue reaction to the foreign body. The 
mechanical properties must allow for easy and 
reproducible processing into a variety of shapes, and 
the resulting devices must maintain their shape once 
implanted. Finally, the surface chemistry must be 
easily manipulated so that it can be optimized to meet 
the needs of each application. 

One possible family of matrices that is 
commercially available consists of the purified 



WO 94/09760 



PCT/US93/10655 



-5- 

extracellular matrix components, such as fibronectin, 
laminin, and collagen. Although these matrices 
provide great biocompatibility and cell adhesion, they 
do not have sufficient mechanical properties to build 
a stable three dimensional structure independent of 
the cells. It is also difficult to obtain high 
quality matrix material on a consistent basis since it 
must be harvested from natural sources. 

Another possible matrix material that is produced 
commercially is surgical suture material. This is 
made from polyglycolic acid, polylactic acid and 
copolymers of glycolic and lactic acid. The 
biocompatibility and biodegradability of these 
polymers are well characterized, and the physical 
strength and fiber forming properties are good 
(Gilding, D. K. and Reed, A. M. , "Biodegradable 
Polymers for Use in Surgery - Polyglycolic / 
Poly(lactic acid) Homo- and Copolymers: l, Polymer . 
20, 1459-1464 (1979); 

U. S. Patent No. 4,048,256 to Casey, d: J. and 
Epstein, M., "Normally-Solid, Bioabsorbable, 
Hydrolyzable, Polymeric Reaction Product," (1977); 
Craig, P. H. ; Williams, J. A.; Davis, K. W. ; Magoun, 
A. D. ; Levy, A. J. ; Bogdansky, S.; and Jones, J. P. 
Jr., "A biologic Comparison of Polyglactin 910 and 
Polyglycolic Acid Synthetic Absorbable Sutures," 
Surgery . 141, 1-10 (1975); Frazza, E. J. and Schmitt, 
E. E. , "A New Absorbable Suture," J- Biomed. Mater, 
Res, Symposium. 1, 43-58 (1971)). Also, since these 
polymers are used as suture material, they have 
already been approved for implantation. 
Unfortunately, the surface of these materials cannot 
be easily manipulated to provide optimal surface 
chemistry that could meet the needs of cells for each 
application. 

A polymer is needed that has the beneficial 
qualities of polylactic acid but also provides for an 
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easily manipulated surface chemistry. 

It is therefore an object of the present 

invention to provide a biodegradable, biocompatible 
polymer modified to increase cell adhesion. 

It is a further object of the present invention 
to provide such a polymer that has the physical and 
mechanical properties that allow the polymer to be 
processed into a matrix suitable for seeding with 
cells and implantation into a patient using standard 
surgical techniques. 

Summary of the Invention 

Polymers have been designed which degrade in vivo 
to non-toxic residues that have biologically active 
moieties such as amino acids bound to the polymer, 
either directly or via short side chains, in the 
preferred embodiments, the biologically active 
moieties are coupled to the polymers via free 
carboxylic acids, amino groups, sulfide groups, or 
hydroxy 1 groups on the amino acids. The resulting 
polymers have good mechanical and biological 
properties. 

in the preferred embodiment, monomers containing 
amino acids with reactive side chains, such as lysine, 
have been synthesized which are copolymerized with the 
lactic acid containing monomer, lactide, the. glycolic 
acid containing monomer, glycol ide, or any other 
monomers with similar mechanisms of polymerization. 
The reactive sites on the amino acids are protected 
with standard protecting groups. Copolymerized with 
the lactide, the resulting copolymers are of the form 
poly (lactic acid-co-amino acid) with the amino acid 
being incorporated into the backbone via an amide 
bond, if the percentage of the amino acid subunit is 
low, in the range of 1-10%, the mechanical properties 
will not be disrupted. However, higher percentages 
may be desirable for certain applications,, even though 
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the mechanical properties may not be quite as good. 
The reactive side chains of the amino acids are made 
available by removing the protecting group using 
standard deprotection methods. These reactive side 
chains are now available for modification by any of 
the normal methods used in coupling chemistry. In the 
most preferred embodiment, attachment peptides are 
bound to the amino acids where they serve to enhance 
binding of cells to the polymer. 

Brief Description of the Drawings 

Figure 1 is a schematic of the reaction of an a- 
hydroxy acid with a protected a-amino acid to yield 
the cyclilized hydroxy 1 acid-co-amino acid. 

Figures 2A-D is a schematic of the formation of 
3- (butyl-4-benzyloxycarbonyl amino) -6-benzyl-2 , 5- 
morpholinedione, where an ester bond is formed first 
and then the product cyclized through amide bond 
formation, as shown in the prior art. 

Figure 3 is a schematic of the cyclizing of the 
a-hydroxy acid with an a-amino acid to make alkyl 
substituted 2 ,5-morpholinediones, where an a-bromo 
acyl bromide is utilized as the cr-hydroxy acid 
equivalent, as shown in the prior art. 

Figure 4 is a schematic of a ring opening 
polymerization for lactic acid, as shown in the prior 
art. 

Figure 5 is a schematic of a desired monomer 
structure, 3-(Butyl-4-benzyloxycarbonyl amino) -6- 
methyl-2,5-morpholinedione, a lysine containing 
monomer. 

Detailed Description of the. Invention 
Methods for synthesis of polymers having 
advantageous properties for implantation and cell 
culture are described. The polymers are characterized 
by biocompatibility, degradability into non-toxic 
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products normally present in the body, preferably by 
hydrolysis , and the presence of accessible 
biologically active moieties bound to the polymers by 
amino acids polymerized within the polymer or 
chemically coupled to the polymer. 

In the preferred embodiments, the polymers are 
formed by polymerization of a amino acids with a 
hydroxy acids. The biologically active moieties are 
then coupled to the amino acids via free carboxylic 
acids, amino groups, sulfide groups, or hydroxyl 
groups on the amino acids. 

Synthesis of the Amino Acid Containing Monomer 
The general concept for producing the monomer in - 
Figure 1, referred to herein as the amino acid 
monomer, is to cyclize an a-hydroxy acid with an 
a-amino acid to yield a 
3 , 6-disubstituted-2 , 5-morpholinedione . 

The a amino acids are generally of the formula: 
R, R'-COH-CO-OH, wherein R and R' are 
independently H or a linear or branched alkyl. 
Examples of a hydroxy acids include lactic acid and 
glycolic acid. 

The a amino acids are preferably of the formula: 
R", R'''-a*H 2 -co-OH, wherein R" and R"' are 
independently H or a linear or branched alkyl; any 
protected primary or secondary amino group; any 
protected ester; any protected hydroxyl; any protected 
sulfide; any protected amide; any protected guanidino; 
or any protected imidazole. All 20 of the common 
amino acids can be used. The most preferred amino 
acids are protected lysine and protected aspartic 
acid. 

This transformation involves producing an amide 
bond and an ester bond. All synthetic routes are 
variations of two main themes: l) formation of the 
ester bond and then cyclization via amide bond 
formation or 2) formation of the amide bond and then 



WO 94/09760 



PCT/US93/10655 



-9- 

cyclization via ester bond formation. 

Several standard reactions are used to form amide 
bonds. In general , these reactions consist of 
activating the carboxylic acids to facilitate 
nucleophilic attack. Table I shows a broad sample of 
activated carboxylic acids (BodanszJcy, 1988) . Each of 
these has its own advantages, such as side reactions, 
and disadvantages, such as mild reaction conditions or 
water solubility. 



WO 94/09760 



PCT/US93/10655 



-10- 

Table I 
Activated Carboxylic Acids 
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Ester bond formation is more difficult in general 
and requires more sophisticated methods . Not only is 
the carboxylic acid activated but catalysts such as 
4-dimethylaminopyridine are also used. It is 
important to note that during the formation of the 
first bond, either the ester or amide, the other 
reactive species must be protected. Table II 
(Bodanszky, 1988) provides a list of the more common 
protecting groups, which can also be referred to as 
blocking groups, along with the deprotecting 
conditions . 



WO 94/09760 



PCT/US93/10655 



-12- 



Table II 
Blocking Groups 



Amine Blocking Groups 



Deblockin g Condition* 
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Two methods are applicable to the synthesis of 
the amino acid monomer. The first method, describing 
the formation of 3-(butyi-4-benzyloxycarbonyl 
amino) -6-benzy 1-2 ,5-morpholinedione, is by Yasutake, 
A.; Miyazaki, K. ; Aoyagi, H.; Kato, T. ; and Izumiya, 
N., "Cyclic Peptides: VIII. Synthesis and Tryptic 
Hydrolysis of Cyclic Depsidipeptides Containing a 
Lysine Residue," Int. J. Peptide Protein Res.. i«, 
61-65 (1980). An ester bond is formed first and then 
the product cyclized through amide bond formation. . 
The synthetic pathway used is shown in Figure 2. In 
this synthesis, one carboxyl is protected as an acyl 
hydrazide which is a "masked" form of the activated 
acyl azide. First, the ester bond is formed between 
the 2-hydroxy-3-phenylpropanoic acid hydroxy 1 group 
and the lysine carboxylic acid using N-hydroxy 
succinimide ester activation. The lysine a-amine 
group is then deprotected. Next, the lactic acid 
hydrazide is converted to the acyl azide. Finally, 
the cyclizatibn is completed through amide bond 
formation. 

A second approach to cyclizing the a-hydroxy acid 
with the a-amino acid is shown in Figure 3. This 
pathway is used to make alkyl substituted 

2.5- morpholinediones (Samyn, C. and Van Beylen, M. , 
"Polydepsipeptides: Ring-Opening Polymerization of 
3-Methyl-2 , 5-Morpholinedione , 

3.6- Dimethyl-2,5-Morpholinedione and Copolymer ization 
thereof with D,L-Lactide, " Makromol. Chem. . Macromol . 
Symp., 19, 225-234 (1988); Helder, J.; Kohn, F. E. ; 
Sato, S.; van den Berg, J. W. ; and Feijen, J., 
"Synthesis of Poly 

[Oxyehylidenecarbonylimino- (2-0xoethylene) ] 
[Poly(Glycine-D,L-Lactic Acid)] by Ring Opening 
Polymerization," Makromol. Chem. , Rapid Commun. r 6, 
9-14 (1985); Greenstein, J. P. and Winitz, M. , 
Chemistry of the Amino Acids , Vol. 2, p 887-901, John 
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Wiley and Sons, Inc., New York, 1961). An a-bromo 
acyl bromide is utilized as the a-hydroxy acid 
equivalent. The amide bond is formed by the general 
method discussed above. The cyclization through the 
ester bond formation takes place by an SN 2 displacement 
of the bromine with the sodium salt of the carboxylic 
acid. This reaction exchanges the roles of the two 
centers. The carboxylic acid group acts as the 
nucleophile, while the a-bromo group provides the 
electrophilic center. 
Polymerization 

The monomers are polymerized using a technique 
such as melt condensation, as exemplified using 
polyglycolic acid and polylactic acid. 

Historically, polyglycolic acid was first 
produced by condensation polymerization of hydroxy 
acetic acid (Higgins, 1954 and Beck, 1952). However, 
there are many problems associated with condensation 
polymerizations, including long reaction times to 
obtain even moderate molecular weight products, side 
reactions which create the necessity for by-product 
removal, and a lack of end group control (Brode, G. L. 
and Koleske, J. v., "Lactone Polymerization and 
Polymer Properties," J. Macromol. Sci--Chgm. f A6, 
1109-1144 (1972)), for example, when dimerization to 
form glycolide competes with chain extension. 

In 1954 Lowe (8. Lowe, C. E-, "Preparation of High 
Molecular Weight Polyhydroxyacetic Ester," U. S. 
Patent, 2,668,162 (1954). 

Mooney, D. , Hansen, L. , Vacant i, J., Langer, R. , 
Farmer, S, and Ingber, D., Switching between growth 
and differential in hepatocytes: Control by 
extracellular matrix. J. cell Biol- r 
submitted) modified the reaction conditions of the 
polycondensation to obtain high yields of glycolide. 
This product was then purified and found to polymerize 
by a ring-opening mechanism to very high molecular 
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weights using antimony trioxides or antimony 
trihalides. An example of this ring opening 
polymerization is given in Figure 4 for lactic acid. 
Catalyst that have been used include: tributlytin 
methoxide, dibutyltin dimethoxide, dibutyltin 
diacetate, debutyltin oxide, dibutyltin dichloride, 
tin dioxide, tin dibromide, tin dichloride, tin 
tetrabromide, tin tetrachloride, tetraphenyl tin, lead 
oxide, zinc oxide, zinc, antimony trioxide, triethyl 
aluminum, aluminum bromide, triisobutyl aluminum, 
triisopropyl aluminum, magnesium acetate, magnesium 
stearate, magnesium 2,4-pentanedionate, magnesium 
ethoxide, magnesium oxide, and stannous octoate, with 
stannous octoate being the preferred catalyst 
(Gilding, D. K. ; Reed, A. M. ; and Askill, I. N. , 
"Calibration in Gel Permeation Chromatography: * 
Primary, Universal and Empirical Methods," Polymer . 
22, 505-512 (1981). 

; U. S. Patent, 3,839,297 to Wasserman, D. and 
Versfeit, C. c, "Use of Stannous Octoate Catalyst in 
the Manufacture of L(-)Lactide-Glycolide Copolymer 
Sutures," (1974); Frazza, 1971; Higgins, N. A., 
"Condensation Polymers of Hydroxyacetic Acid," U. S. 
Patent, 2,676,945 (1954); Kohn, F. E. ; Ommen, J. G. 
van; and Feijen, J., "The Mechanism of the 
Ring-Opening Polymerization of Lactide and Glycolide," 
Eur. Polvm. J, , 19, 1081-1088 (1983); Kohn, F. E. ; Van 
Den Berg, J. W. A. ; and Van De Ridder, G. , "The 
Ring-Opening Polymerization of D,L-Lactide in the Melt 
Initiated with Tetraphenyltin, " Journal of Applied 
Polymer Science . 29, 4265-4277 (1984); Donald, R. C. ; 
Tice, T. R.; Gilley, R. M. ; and English, J. P., "[8] 
Poly (lactide-co-glycolide) Microcapsules for 
Controlled Release of Steroids," Methods in 
Enzymology, 112, 101-116 (1985); Dunsing, R and 
Kricheldorf, H. R. , "Polylactones: 5. Polymerization 
of L,L-Lactide by Means of Magnesium Salts," Polymer 
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Bulletin, 14, 491-495 (1985); Savan, S. P. and Barry, 
J. J., "Quantitation of Poly (d,l-Lactic Acid) 
Degradation Products by HPLC," Polymer Preprints . 29, 
299-300 (1988); Kricheldorf, H. R. ; Jonte, J. M. ; and 
Berl, M. , "Polylactones: 3. Copolymerization of 
Glycolide with L, L-Lactide and other Lactones," 
Makromol . Chem, . SuppT . r 12 , 25-38 (1985); 
Kricheldorf, H. R. and Sumbel, M. , "Poly lactones - 18. 
Polymerization of L,L-Lactide with Sn(II) and Sn(IV) 
Haloqenides," Eur. Polvm. J. , 25, 585-591 (1989). 
The mechanism of the ring-opening polymerization of 
glycoside and lactide with stannous octoate is still 
under debate, but a nonionic insertion mechanism has 
gained the most acceptance (Kohn, 1984; Leenslag, J. 
W. and Pennings, A. J . , "Synthesis of High Molecular 
Weight Poly (L-Lactide) Initiated with Tin 
2-Ethylhexanoate," Makromol. Chem. . 188, 1809-1814 
(1987); Kricheldorf, 1989). 

Copolymerization with 2,5-Mdrpholinedione. 
Recently, there has been an attempt to 
incorporate amino acid units into the backbone of 
polylactic acid in order to expand the range of 
properties available from this bioabsorbable material 
(Veld, P. J. A. in 't; Dijkstra, P. J.; Lochem, J. H. 
van; and Feijen, J., "Synthesis of Alternating 
Polydepsipeptides by Ring-Opening Polymerization of 
Morpholine-2,5-Dione Derivatives," Makromol. Chem, r 
191, 1813-1825 (1990); Samyn 1988; Helder, J. and 
Feijen, J., "Copolymer of D,L-Lactic Acid and 
Glycine," Makromo l. Chem., Rapid Commun. r 7, 193-198 
(1986); Yonezawa, N. ; Toda, F. ; and Hasegawa, M. , 
"Synthesis of Polydepsipeptides: Ring-opening 
Polymerization of 6-Isopropylmorphiline-2,5-dione and • 
6-Isopropyl-4-Methylmorpholine-2 , 5-dione, " Makromol > 
Chem. . Rapid Commun. r 6, 607-611 (1985)). The 
accepted way to insert the a-amino acids into the 
backbone is to dimerize them with an a-hydroxy acid, 
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such as lactic acid. This step creates a substituted 
morpholinedione which can be used in subsequent 
copolymerizations. Only amino acids with alkyl 
substituents have been copolymer i2ed in this manner. 

The substituted morpholinedione contains both an 
amide bond and an ester bond in the ring. Both of 
these functional groups could polymerize by a ring 
opening mechanism using several different types of 
initiators such as cationic, active hydrogen, anionic , 
and coordination (Ivin, J. K. and Saegusa, T., eds., 
Ring Opening Polymerization, Volumes 1-3, Elseveir 
Applied Science Publishers, New York, 1984). However, 
6-member ring lactams do not polymerize under cationic 
or active hydrogen initiator conditions (Ivin, 1984). 
If these conditions are used, the morpholinedione 
should polymerize through the ester bond. ; 

It is expected that this ester bond will have a 
reactivity very similar to the reactivity of the ester 
bonds in lactide, due to the fact that the amide 
structure with its partial double bond character will 
increase the ring strain. Copolymer izations with 
lactide and methyl substituted morpholinediones at 
monomer ratios of 1:1 yielded polymers with a mole 
ratio of monomer units of 1:1 within experimental 
error (Samyn 1988; Helder, 1986; Yonezawa, 1985). 
This result suggests that the two ester bonds have 
similar reactivities. 

Deprotection of amino groups 

The removal of the amino protecting groups is 
essential. If this step is not completed, there will 
be no reactive groups available for the attachment of 
the biologically active moieties. 

The benzoxycarbonyl amino protecting group is 
common in peptide synthesis, and can be cleaved by the 
selective method of solid phase catalytic reduction. 
This reaction is quite mild and should not harm the 
ester bonds in the backbone of the polymer. However, 
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many other protecting groups and deprotecting 
conditions are available, as indicated in Table I 
(Greene, T. W. , Protective Groups in Organic 
Synthesis, 239-241, John Wiley and Sons, Inc., New 
York, (1981) ) . 

An alternative route to the deprotection is to 
deprotect only the surface of a polymer device that 
had been processed before any deprotection reactions. 
This method of deprotection could be completed with 
mildly alkaline reagents that would hydrolyze the 
bonds at the surface. Of course, both the ester bonds 
in the backbone of the polymer as well as the bonds of 
the protecting groups would be hydrolyzed. This 
surface degradation should not affect the desired 
mechanical properties. However, the protecting groups 
in the bulk of the sample would be unaffected. ; 
Polymer Processing 

The polymer can be cast into a variety of shapes 
by standard processing techniques, such as solvent 
casting and compression molding. Solvent casting is 
used to obtain thin films. Variables that should be 
considered in order to optimize this processing 
technique are choice of solvent, concentration of 
starting solution, solvent evaporation rate, casting 
surface, and molecular weight of the polymer. 
Compression molding is used to form small discs by 
compressing finely ground polymer powder. Variables 
that are important for compression molding include 
polymer contact surface, pressure, temperature, 
cooling rate if appropriate, polymer powder size, and 
molecular weight of the polymer. 

The polymer contact surface can greatly influence 
the composition of the surface of the polymer film or 
disc. During solvent casting the polymer interfaces 
with air, whereas, during compression molding, the 
interface will probably be either metal/polymer or 
teflon/polymer if a teflon release tape is used. 
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There is a concern that very hydrophobic interfaces 
may cause the hydrophilic amino groups to become 
inaccessible; The choice of solvent in solvent 
casting may also affect the accessibility of the amino 
groups. 

More sophisticated processing techniques such as 
injection molding, fiber extrusion, fiber weaving, may 
be essential to obtain optimal cell function, 
especially in the case of hepatocytes. These methods 
are known to those skilled in the art. 

Adhesion Moiety Attachment 

Adhesion of cells to the surface of the polymer 
is enhanced by coupling of biologically active 
moieties, such as GRGDY and YIGSR (standard one letter 
abbreviations for amino acids are used herein, as 
listed in 37 C.F.R.), to the reactive side chains of 
the polymer such as amino groups or carboxylic acids. 

Surface Activation 

In the event that the reactive side chains may 
not be accessible to the surface of the polymer 
device, several methods can be used to increase the 
surface reactive grroup accessibility. First, the 
surface can be exposed to an aqueous solution 
containing miscible hydrophilic or polar solvents such 
as ethanol or acetone. Such exposure should increase 
the flexibility of the polymer backbone by lowering T r . 
This increased f lexibility will allow the reactive 
groups to move to the surface while the hydrophilic 
nature of the aqueous solution will provide the 
driving force. 

Another way to increase the flexibility of the 
polymer backbone at the surface is to expose the 
polymer device to solvent vapors after processing. 
Polar solvents should provide a greater driving force 
for the reactive groups to move to the surface. 
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Attachment Chemistry 

It is important for optimal cellular function to 
be able to manipulate the surface chemistry of the 
polymer device. An important example of this is the 
attachment of an RGD peptide which has been shown to 
promote cell adhesion. The attachment of this 
adhesion moiety to the reactive side chains such as 
free amino groups on the polymer surface can be 
achieved by either of two methods. 

The first method involves activating the 
C-terminus carboxylic acid of the peptide, and then 
reacting this group with the amino groups on the 
polymer surface. The C-terminus carboxylic acid can 
be activated by several methods as indicated in Table 
I. A preferred reagent is 

l-ethyl-3- (3-dimethylaminopropyl-carbodiimide (EDC) 
which produces an O-acyl-isourea. This activated 
species will react readily with free amino groups 
(Yamada, H. ; Imoto, T. ; Fujita, K. ; Okazaki, K. ; and 
Motomura, M. ; "Selective Modification of Aspartic 
Acid-101 in Lysozyme by Carbodiimide Reaction," 
Biochemistry, 20, 4B36-4842 (1981); Hoare, D. G. and 
Koshland, D. E. Jr., "A Method for the Quantitative 
Modification and Estimation of Carboxylic Acid Groups 
in Proteins," The Journal of Biological Chemistry , 
242, 2447-2453 (1967); Sheehan, J. C. ; Preston, J.; 
Cruickshank, P. A., "A Rapid Synthesis of Oligopeptide 
Derivatives without Isolation of Intermediates," 
Journal of the American Chemical Society , 87, 
2492-2493 (1965) ) . However, biologically active 
moieties such as the RGDS peptide contain two 
carboxylic acid groups, one at the C-terminus and the 
other on the aspartic acid residue. If the C-terminus 
carboxylic acid is to be used to chemically attach the 
peptide to the polymer surface then the aspartic acid 
residue must be protected. A completely protected 
RGDS peptide can be synthesized by those skilled in 
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the art. After attachment the peptide side chains of 
the peptide would have to be deprotected. 

An alternative approach is to link the peptide to 
the polymer surface through a bifunctional molecule 
which is reactive towards amines at both ends. An 
example of such a bifunctional molecule is 
bis(sulf osuccinimidyl) suberate which has an 
N-hydroxysuccinimide ester at both ends (D'Souza, S. 
£. ; Ginsberg, M. H.; Lam, S. C.-T.; and Plow, E. F. , 
"Chemical Cross-Linking of Arginyl-Glycyl-Aspartic 
Acid Peptides to an Adhesion Receptor on Platelets," 
The Journal of Biological Chemistry . 263, 3943-3951 
(1988); Staros, J. V. , "N-Hydroxysulf osuccinimide 
Active Esters: Bis (N-hydroxysulf osuccinimide) Esters 
of Two Dicarboxylic Acids are Hydrophilic, 
Membrane-Impermeant, Protein Cross-Linkers, 11 
Biochemistry , 21, 3950-3955 (1982)). Another commonly 
used bifunctional linking reagent which reacts with 
amino groups is glutar aldehyde (Weston, P. D. and 
Avrameas, S., "Proteins Coupled to Polyacrylamide 
Beads Using Glutaraldehyde, " Biochemical and 
Biophysical Research Commun jLcations , 45, 1574-1580 
(1971); arayanan, S. R. ; Kakodkar, S. V, ; and Crane, 
L. J., "' Glutaraldehyde-P' , a Stable, Reactive 
Aldehyde Matrix for Affinity Chromatography," 
Analytical Biochemistry . 188, 278-284 (1990)). The 
first step in this approach is to react the polymer 
surface amino groups with one end of the bifunctional 
molecule. Next, the peptide is attached to the other 
end of the molecule through the N-terminus amine. It 
is not necessary to synthesize a protected peptide as 
previously mentioned, for there is only one amino 
group in the peptide in this example. 
Bulk Attachment 

Since this is a biodegradable polymer, surface 
modification may be insufficient. The surface layer 
could degrade away before performing its function. 
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Consequently, bulk attachment strategies have also 
been considered. This approach also utilizes a 
bifunctional molecule which is reactive towards amines 
at both ends such as carbonyl diimidazole. This 
bifunctional molecule, the polymer, and the peptide 
can be dissolved together in a common solvent. Some 
side reactions may occur, include linking of 
polymer-polymer and peptide-peptide, but these should 
not interfere excessively with the linking reaction of 
the polymer-peptide. 

Seeding of Matrix with Cells 
Cells such as hepatocytes, pancreatic cells, 
intestinal cells, uroendothelial cells, skin cells, 
muscle cells, nerve cells, and bone cells which are 
dissociated and viable and in a suspension are applied 
to a matrix formed of the polymer. Cells are provided 
with sufficient time to attach to the polymer, then 
the matrix is implanted using standard surgical 
techniques . 

The teachings of the cited publications are 
indicative of the level of skill and the general 
knowledge of those skilled in the art. To the extent 
necessary, the publications are specifically 
incorporated herein by reference. 

The present invention will be further understood 
by reference to the following non-limiting examples. 
Example l: Preparation of 

3- (butyl-4-benzyloxycarbonyl 

amino) -6-methyl-2, 5-morpholinedione. 

This example illustrates the preparation of 
3- (butyl-4-benzyloxycarbonyl 

amino) -6-methyl-2, 5-morpholinedione, a monomer 
containing lactic acid and lysine where the side chain 
amino group of lysine is protected with a 
benzyloxycarbonyl group, as shown in Figure 5. In the 
final monomer product, both the lactic acid and lysine 
are in the L configuration. 



WO 94/09760 



PCT/US93/10655 



-23- 

Weighed out: 

50.0 g of D-alanine (0.56 M, MW=89.09) 
104.3 g of NaN0 2 (1.51 M, MW=69.0) 
700 g of Na 2 S0 4 ( 4 . 93 M, MW=142.0) 
Carefully add 580 ml of 48% HBr (5.19 M, MW=80.9) 
to 2420 ml of ice water. Stir with an overhead mixer. 
The temperature is -10 °C. Add the D-alanine and let 
it dissolve. Slowly add the NaN0 2 to the D-alanine 
mixture over about 2 0 minutes. Next, slowly add the 
Na 2 S0 4 to the mixture over about 20 minutes. Continue 
to add ice to keep the mixture at -10 °C during the 
additions. After everything is added, continue to 
stir until the mixture reaches room temperature, about 
1.5 hours. Decant the liquid from the remaining 
solids. Extract the water with ethyl ether. Dry the 
ethyl ether with Na 2 S0 4 and then CaCl 2 . Filter the 
ethyl ether and then remove the ethyl ether under 
vacuum. Repeat procedure up to this point. Mix the 
two batches. Vacuum distill using water aspirator. 
Collect fraction from 103-106 °C. The product is 
D-2-bromo propionic acid and the yield is 60% , which 
is 103.9 g (0.68 M) . 

Add 70 ml (114.5 g, 0.96 M) of S0C1 2 to the 103.9 
g of D-2-bromo propionic acid. Heat to 60 °C for 7.5 
hours. Collect product by vacuum distillation using a 
water aspirator. Collect fraction from 45-56 °C. The 
product is D-2-bromo propionyl chloride and the yield 
is 74% which is 86.3 g (0.50 M) . IR spectroscopy 
shows the typical acyl chloride peak at 1775 cm" x and 
the *H NMR spectroscopy shows a quartet centered around 
4.65 ppm and a doublet at 1.9 ppm. 

Dilute 27.6 g (0.16 M) of the D-2-bromo propionyl 
chloride with 200-400 ml of chloroform. Prepare a 
slurry of N-e-benzyloxycarbonyl-L-lysine (96.6 g, 0.34 
M) in 2000 ml dry chloroform. Add the D-2-bromo 
propionyl chloride solution to the slurry all at once. 
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Let react at room temperature for 24 hours. The 
insoluble N-e-benzyloxycarbonyl-L-lysine will react 
with the D-2-bromo propionyl chloride and form a 
soluble product and an insoluble impurity. Next, 
remove the solid impurity by filtration, and then 
remove all but- 600 ml of the chloroform under vacuum. 
This reaction forms the amide bond between the lysine 
a-amino group and the lactic acid activated carboxylic 
acid. 

Next, 24.2 ml (18.0 g, 0.14 M) of diisopropyl 
ethyl amine is diluted in 50 ml of chloroform and then 
added to the chloroform mixture from the last step. 
This reaction mixture is then diluted with chloroform 
to a total of 900 ml. The reaction is heated to 
reflux and left to react at this temperature for 24 
hours. This reaction forms a ring structure through 
the ester bond between the activated a-hydroxyl of 
lactic acid and the carboxylic acid of the lysine. 
Inversion occurs at the lactic acid center. Upon 
completion of the reaction, the chloroform is removed 
under vacuum. A waxy solid forms. This crude 
reaction product is purified by silica gel column 
chromatography. The eluent is 93/5/2 
chloroform/methanol/acetic acid. The eluent is 
removed under vacuum with heating to 60 »C. A viscous 
oil forms. The product is crystallized by washing the 
viscous oil with petroleum ether. A yellowish/white 
powder forms. This powder is recrystallized from 
ethyl acetate which produces a clean white powder. 
The yield is for these last two steps combined is 31% 
which is 16.6 g, 0.05 M. Melting point 135-136 «C. 
High resolution mass spectroscopy confirmed elemental 
analysis; expected 334.15287 amu, experimental 
334.1527 amu. The IR and NMR were also consistent. 
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Example 2: Copolymerization of the monomer 

produced in Example 1 with lactide to 
make poly (lactic 

acid-co-N-e-benzyloxycarbonyl lysine) . 

This is an example of the copolymerization of the 
monomer produced in Example 1 with lactide to make 
poly (lactic acid-co-N-e-benzyloxycarbonyl lysine) . 

First the polymerization flask must be 
siliconized to rid the glass surface of all hydroxyl 
groups. Throughout the polymerization procedure , all 
the glassware is dried in a 130 °C oven overnight and 
cooled under vacuum. All parts of the experiment 
requiring that the monomers be exposed to the 
atmosphere were done in a N 2 box. 

The day before the polymerization, each of the 
monomers must be r eery st all ized from ethyl acetate in' 
the N 2 box. These crystals are then dried under vacuum 
overnight. The monomers are then weighed out into the 
polymerization flask, 10.9 g lactide (75.3 mM) and 
2.77 g protected lysine monomer (8.27 mM) . The 
catalyst solution, 1.06 g of stannous octoate in 10 ml 
of chloroform, 0.2 62 /imol//zl, is prepared and 305 /*1 
of the catalyst solution added into the polymerization 
flask. The chloroform is removed under vacuum. The 
flask is flushed several times with argon. The flask 
was sealed under vacuum and transferred to 100 °c oven 
for 24 hours, removed from the oven and the reaction 
quenched in the freezer. Molecular weight before 
purification: Mn=72,700, Mw=72,200, Mz=88,700. The 
polymer was purified by dissolving in chloroform and 
precipitating into methanol. The yield is 80.5% which 
is 10.96 g. Molecular weight after purification: 
Mn=4 1,800, Mw=79,3 00, Mz=141,700. Transesterif ication 
occurred during the time that the polymer was 
dissolved which broadened the molecular weight 
distribution. The protected lysine content was 
analyzed by standard amino acid analysis and H 1 NMR. 
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Both of these techniques indicate a lysine content of 
2% where the maximum is 5%. DSC analysis yields 
Tm=158 . 0 °C and Tg=55.1 °C. 

Example 3: Removal of the N-e-benzyloxycarbonyl 

protecting group from the side chain of 
lysine. 

This is an example of removing the 
N-e-benzyloxycarbonyl protecting group from the side 
chain of lysine. 

All the glassware was dried overnight in a 130 °c 
oven and cooled under argon. To the reaction vessel 
was added 225 ml SiEt^H (1.4 M), 9.9 g of the copolymer 
from example 2, 225 ml methylene chloride, 1.8 g PdCl 2 
(0.010 M), and 2.1 ml NEt3 (0.016 M) in the order 
listed. The reaction was stirred at room temperature 
for five days. The catalyst, PdCl 2 , was removed by 
filtration. 150 ml of methanol was added and let 
stand 10 minutes, then the solution dumped into excess 
methanol, approximately 3000 ml. Let stand 30 
minutes, and then the precipitate collected by vacuum 
filtration. The polymer was dried under vacuum. The 
product from this reaction is poly (lactic 
acid-co-lysine) . The yield is 79% which is 7.8 g. 
The molecular weights are: Mn=3l,500, Mw=44,100, 
Mz=69 / 700. Proton NMR indicates that 75% of the 
protecting residues were removed while amino acid 
analysis indicates that 88% of the lysine units remain 
in the polymer. The IR spectrum was consistent and 
DSC analysis shows two melting peaks with the onset of 
the more intense peak at Tm=159.2 °C and Tg=55.7 °C. 
Example 4: Processing of the copolymer synthesized 

in Example 3. 
This example illustrates the processibility of 
the copolymer synthesized in example 3. 

Solvent Casting: Poly (lactic acid-co-lysine) 
from Example 3 (100* mg) was weighed out into a 
standard 10 ml glass beaker. . Chloroform (2 ml) was 
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added to dissolve the polymer. The chloroform was 
allowed to evaporate very slowly over a 48 hour 
period. In order to remove the film from the beaker 
it was submersed in water for 4 hours.. The free 
standing film is easily handled without breaking and 
can be cut with a razor blade or scissors. Its 
appearance is translucent. 

Compression Molding: Poly (lactic 
acid-co- lysine) from Example 3 is ground to a fine 
powder. The powder (150 mg) is put into a die (1.4 cm 
diameter) and compressed at 10,000 psi for 30 minutes 
while the top and bottom compression plates are at 100 
°C. This type of film can be easily handled, but 
higher temperatures are necessary to obtain a 
translucent film. Higher temperatures also cause the 
film to become brittle. 

Example 5: The hydrolytic degradation of the poly 

(lactic acid-co-lysine) . 

This example illustrates the hydrolytic 
degradation of the poly (lactic acid-co-lysine) 
described in example 3. 

The solvent cast films of poly (lactic 
acid-co-lysine) from Example 4 were immersed in PBS pH 
7.2 at 37 °C with rotational agitation at 120 rpm. 
The buffer was changed weekly and the films were 
sacrificed at various time points. These films 
degrade more quickly than homopolymers of lactic acid. 
By five weeks, the Mw of the copolymer was half of its 
original value and the films had lost integrity, 
breaking up into many pieces. The remaining weight of 
the films decreased gradually. By 23 weeks more than 
40% of the weight was lost. Lactic acid was also 
released into the buffer, as determined by an 
enzymatic assay. 
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Example 6: Bulk attachment of GRGDY-peptide into 
polymer synthesized in Example 3 

This is an example of the attachment of the GRGDY 
peptide onto the primary amino groups of the bulk 
polymer synthesized in Example 3. 

The polymer from Example 3 (102 mg) was dissolved 
in 1 ml of dichloromethane and then 1.5 ml of 
dimethylsulf oxide was added . The GRGDY peptide (1.15 
mg, 2.0 fimol) was dissolved in 1 ml of 
dimethylsulf oxide. A solution of carbonyldiimidazole 
(CDI) was prepared in dichloromethane at a 
concentration of 10 mg/ml, 0.0627 mmol/ml. The 
polymer and peptide solutions were combined, and then, 
0.375 ml (equivalent to 23.1 M mol) of the 10 mg/ml 
solution of CDI was added over a 4 hour period. The 
dicholoromethane was removed by evaporation and 5 ml 
of water was added. The polymer precipitated and was 
collected by vacuum filtration. Amino acid analysis 
of the peptide modified sample yielded 3 /tmol of 
peptide/g of polymer. Appropriate controls contained 
no peptide. 

Example 7: GRGDY-peptide attachment to processed 

films from Example 4. 

This is an example of modifying the surface of 
solvent cast films from Example 4 with the GRGDY 
adhesion peptide. 

Solvent cast films from Example 3 were immersed 
in 10% aqueous acetone for one hour and then rinsed in 
0.01 N pyridine. Next the films were activated with 
glutar aldehyde (5% in 0.01 N aqueous pyridine buffer, 
pH= 6.0) for 3 hours, rinsed with 0.01 N pyridine, pH 
6.0 for 1-2 minutes and then exposed to the GRGDY 
peptide (0.5 mg/ml in PBS, pH 7.2) for 16 hours. 
After 16 hours, the films were rinsed for 2 minutes 
each in a series of 6 buffers or water: 0. 01 N 
pyridine, pH 6.0; deionized water; 0.1 M sodium 
acetate, pH 5.5; 1 M sodium chloride; phosphate 
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order) . 

Example 8: Cell adhesion to modified films from 
Example 7. 

This example illustrates the ability of cells to 
adhere the peptide modified films from Example 7. 

The films from example 7 were sterilized by 
exposure to ultraviolet radiation for 15 minutes on 
each side and then placed in a sterile cell adhesion 
apparatus. The wells were filled with 0.4 ml of 
serum-free Dulbecco's Modified Eagle Medium and 3T3 
mouse fibroblasts were added to the medium so that the 
initial density was approximately 10 , 000 cells/cm 2 . 
The cells were incubated at 37 °C for 4 hours, then 
washed 3 times with Hanks Balanced Salt Solution, and 
the remaining cells were visually counted. The 
percentage of cells that remained on the peptide 
modified surface was higher (26 ± 1 %, n=6) than on 
untreated surfaces (6 ± 8 %, n=6) . 

Modifications and variations of the present 
invention will be obvious to those skilled in the art 
from the foregoing detailed description. Such 
modifications and variations are intended to come 
within the scope of the appended claims. 
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We claim: 

1. A biodegradable, biocompatible polymer 
formed by polymerization of monomers formed by a 
amino acids and a hydroxy acids. 

2. The polymer of claim 1 wherein , the a amino 
acids are generally of the formula: 

R, R'-COH-CO-OH, wherein R and R' are 
independently H or a linear or branched alkyl. R, 

3. The polymer of claim 1 wherein the a amino 
acids are generally of the formula: 

R", R'''-CNH2-C0-0H, wherein R'' and R' ' ' are 
independently H or a linear or branched alkyl; any 
protected primary or secondary amino group; any 
protected ester; any protected hydroxyl; any protected 
sulfide; any protected amide; any protected guanidino; 
or any protected imidazole. 

4. The polymer of claim 1 wherein the a hydroxy 
acids are selected from the group consisting of lactic 
acid, glycolic acid, hydroxybutyric acid, and valeric 
acid. 

5. The polymer of claim 1 wherein the amino acid 
is lysine. 

6. The polymer of claim 1 wherein biologically 
active moieties are coupled to free carboxylic acids, 
amino groups, sulfide groups, or hydroxyl groups on 
the amino acids. 

7. The polymer of claim 6 wherein the 
biologically active moieties are selected from the 
group consisting of GRGDY, YIGSR and other RGD 
peptides . 

8. A process for making a biocompatible, 
biodegradable polymer comprising forming a 
prepolymer by chemically coupling an a amino acid and 
an a hydroxy acid and 

polymerizing the monomers . 
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9. The process of claim 8 wherein the a amino 
acids are generally of the formula: 

R, R'-COH-CO-OH, wherein R and R' are 
independently H or a linear or branched alkyl. 

10. The process of claim 8 wherein the a amino 
acids are generally of the formula: 

R", R"'-CNH 2 -CO-OH, wherein R" and R'" are 
independently H or a linear or branched alkyl; any 
protected primary or secondary amino group; any 
protected ester; any protected hydroxyl; any protected 
sulfide; any protected amide; any protected guanidino; 
or any protected imidazole. 

11. The process of claim 8 wherein the a hydroxy 
acids are selected from the group consisting of lactic 
acid, glycolic acid, hydroxybutyric acid, and valeric 
acid. * 

12. The process of claim 8 wherein the amino 
acid is lysine. 

13. The process of claim 8 further comprising 
coupling biologically active moieties to free 
carboxylic acids, amino groups, sulfide groups, or 
hydroxyl groups on the amino acids. 

14. The process of claim 13 wherein the 
biologically active moieties are selected from the 
group consisting of GRGDY, YIGSR and other RGD 
peptides . 

15. The process of claim 13 further comprising 
forming the polymer into a matrix for seeding with 
cells. 

16. The process of claim 15 further comprising 
seeding the matrix with cells. 

17. A method for implanting cells into an animal 
comprising forming a matrix of a biocompatible, 
biodegradable polymer having biologically active 
moieties chemically coupled to the polymer. 
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18. The method of claim 17 wherein the polymer 
is prepared from prepolymers formed by chemically 
coupling an a amino acid and an a hydroxy acid, 

polymerizing the monomers, and 

coupling biologically active moieties to free 
carboxylic acids, amino groups, sulfide groups, or 
hydroxyl groups on the amino acids. 

19. The process of claim 18 wherein the a 
hydroxy acids are cyclized with an a-hydroxy acid with 
an a-amino acid to yield a 

3 , 6-disubstituted-2 , 5-morpholinedione . 

20. The process of claim 17 wherein the a amino 
acids cure generally of the formula: 

R, R'-COH-CO-OH, wherein R and R' are 
independently H or a linear or branched alkyl. 

21. The process of claim 17 wherein the a 
hydroxy acids are selected from the group consisting 
of lactic acid, glycolic acid, hydroxybutyric acid, 
and valeric acid. 

22. The process of claim 17 wherein the amino 
acid is lysine. 

23. The process of claim 17 wherein the 
biologically active moieties are selected from the 
group consisting of GRGDY , YIGSR and other RGD 
peptides. 

24. The process of claim 17 further comprising 
forming the polymer into a matrix suitable for seeding 
with cells. 

25. The process of claim 24 further comprising 
seeding the matrix with cells. 

26. The process of claim 24 wherein the cells 
are selected from the group consisting of hepatocytes, 
pancreatic cells, intestinal cells, uroendothelial 
cells, skin cells, muscle cells, nerve cells, and bone 
cells. 

27. The process of claim 25 further comprising 
implanting the matrix seeded with cells. 
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28. A biocompatible , biodegradable polymer 
having biologically active moieties chemically coupled 
to the polymer. 

29. The polymer of claim 28 wherein the polymer 
is prepared from prepolymers formed by chemically 
coupling an a aimino acid and an a hydroxy acid, 

polymerizing the monomers, and 

coupling biologically active moieties to free 
carboxylic acids, amino groups, sulfide groups, or 
hydroxy 1 groups on the amino acids. 

30. The polymer of claim 29 wherein the 
biologically active moieties are attachment peptides. 
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